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Introduction {#sec001}
============

Osteoarthritis (OA) affects the articular cartilage in both human \[[@pone.0149472.ref001]\] and veterinary patients \[[@pone.0149472.ref002]\], making its treatment challenging for investigators and clinicians.

Alterations in articular cartilage depend on the balance between the synthesis and degradation of the cartilage matrix. These variations could be monitored by measuring the molecules (biological markers) derived from this synthesis and degradation, which are released in biological fluids \[[@pone.0149472.ref003]\]. In this sense, synovial, serum and/or urinary assays of bone and cartilage markers are becoming less invasive alternatives to osteochondral biopsy for assessing the response of the articular components to disease and injury \[[@pone.0149472.ref004]\]. Biomarkers could be useful not only for the diagnosis and early detection of disease, but also for treatment monitoring, because radiographic diagnosis is not entirely conclusive due to its low sensitivity to detect small changes in the initial stages of pathology \[[@pone.0149472.ref005]\]. At this time, a biomarker, or combination of biomarkers, as a tool for the evaluation of OA has not been fully established, but because it is a simple process that is associated with low cost, easy collection, and short examination time relative to other methods, studies are contributing to establish a full methodology for the diagnosis and monitoring of this disease based on biomarkers \[[@pone.0149472.ref006]\].

Most of the biomarkers used in joint disease are articular cartilage components such as chondroitin sulphate (CS), keratan sulphate (KS), hyaluronic acid (HA), or type II collagen, among others. Because they are articular cartilage components, some of these biomarkers, alone or together, could have the potential to provide clinically useful indices of the effects of isolated joint injury, the progression of joint changes, and/or the response to therapy \[[@pone.0149472.ref007]\].

Type II collagen is the major structural protein of cartilage and accounts for approximately 50% of the extracellular cartilage matrix. Fragments derived from collagen degradation have been investigated as potential markers for remodeling cartilage pathologies such as OA \[[@pone.0149472.ref008]\]. Among the wide variety of type II collagen degradation products, a neoepitope in type II collagen that is generated by the intrahelical cleavage of collagenases (C2C) has been well studied in vivo \[[@pone.0149472.ref009]\]. However, few studies have been developed about C2C concentration as a diagnostic tool in OA dogs, in which synovial fluid \[[@pone.0149472.ref010],[@pone.0149472.ref011]\] and serum \[[@pone.0149472.ref004],[@pone.0149472.ref012]\] levels of C2C seem to be significantly increased.

Another major component of synovial fluid and the extracellular matrix, HA is a high molecular weight glycosaminoglycan synthesized by chondrocytes and synovial fibroblasts. Some studies \[[@pone.0149472.ref006],[@pone.0149472.ref013]\] have shown that HA levels in serum are increased in human patients with OA, and that this increase is considered a reliable biomarker reflective of cartilage damage and synovitis in these patients. However, in the dog, conflicting results have been reported: some authors showed similar results as in humans \[[@pone.0149472.ref014],[@pone.0149472.ref015]\], and others reported that HA levels in dogs seem to decrease \[[@pone.0149472.ref016]\] or remain invariable \[[@pone.0149472.ref017]\] when OA is present. Furthermore, recent studies relied on a clinically subjective scoring system to demonstrate an increase in HA serum levels coinciding with improved clinical condition in OA dogs \[[@pone.0149472.ref018],[@pone.0149472.ref019]\].

In human patients, a direct correlation between C2C, HA levels, and OA pain has been demonstrated \[[@pone.0149472.ref013]\]; however, in the literature there are no studies correlating serum levels of biomarkers such as HA or C2C with objective evolution of symptoms of OA in dogs, mainly because in domestic animals, quantification of pain is difficult to achieve.

In the past 5 years, the use of mesenchymal stem cell-based (MSC) therapies and plasma rich in growth factors (PRGF) for repair and regeneration in OA has become a new avenue of treatment as an alternative to surgery \[[@pone.0149472.ref020], [@pone.0149472.ref021]\]. The hypothesis of this study was that serum C2C and HA could serve as objective biomarkers in order to evaluate the effectiveness of OA treatment in dogs. For this reason, the aim of this work was to serially measure these biomarkers at different times in OA dogs treated with a combination of MSC and PRGF, and evaluate these measurements in relation to functional status measured by a kinetic force platform.

Materials and Methods {#sec002}
=====================

Animals {#sec003}
-------

Ten client-owned, presa canario dogs with moderate to severe OA associated to hip dysplasia were enrolled for inclusion in this study. The body weight of enrolled dogs ranged from 47 to 58.3 kg, and ages were 3 to 7 years. Radiographs confirmed the presence of bilateral OA compatible with D and E degrees of hip dysplasia as defined by the Fédération Cynologique Internationale \[World Canine Organization\]. Dogs with D degree dysplasia showed obvious deviation from the norm, with evidence of a shallow acetabulum, flattened femoral head, poor joint congruency, and in some cases, subluxation with marked changes of the femoral head and neck. The E-degree dysplasic dogs showed complete dislocation of the hip and severe flattening of the acetabulum and femoral head \[[@pone.0149472.ref022]\]. Additional radiographs of knee and elbow joints were taken in order to ensure that hip OA was the unique reason for the observed clinical signs. A complete clinical evaluation (physical examination, including vital signs and neurologic and orthopedic exams) assured that general health was otherwise normal. In addition, basic hematology and blood biochemistry parameters were obtained prior to and after the study in order to determine if treatment had non-desirable systemic effects.

The research protocol was revised and authorized by the Ethical Committee of Animal Welfare (CEBA) of the University of Las Palmas de Gran Canaria. The owners of each animal gave permission and signed a written consent form.

Adipose tissue biopsy and culture of MSCs {#sec004}
-----------------------------------------

A 120-mL blood sample was obtained under aseptic conditions and processed with the DogStem kit (Vet-stem, Biopharma, Belgium), and then, under general anesthesia with 3% sevoflurane, a biopsy of 20 g subcutaneous fat tissue from the inguinal region was obtained through a surgical incision. Immediately, the fat biopsy and blood were sent at 4°C for cell isolation and amplification to the Fat-Stem Laboratory (Belgium). The adipose tissue was processed according to standardized Fat-Stem Laboratory procedures and in accordance with good manufacturing practices (GMP) laboratory regulations. Briefly, the derived adipose tissue was digested enzymatically, washed and centrifuged several times to obtain a concentrate of cells. Subsequently, the mixture of cells was grown in a bioreactor environment with controlled temperature, oxygen, and CO~2~ control. After cultivation in several media, the following parameters were assessed in the cells in order to evaluate the quality of the treatment: fibroblastic morphology (spindle shaped); adherence to glass or plastic when cultured; ease of trypsinization; color of the cultivation media; proliferation time (doubling time) ± 75 hours; presence and absence of surface antigens that determine cellular identity; capacity to be induced in vitro to differentiate into osteoblasts, chondrocytes, and adipocytes; and viability. These parameters coincide with the three minimal criteria standards for defining MSCs suggested by the International Society for Cellular Therapy: adherence to plastic, specific surface antigen expression, and multipotent differentiation potential \[[@pone.0149472.ref023]\]. Finally, the cells were expanded, and 2 weeks after biopsy, 30 million cells were sent for clinical evaluation in two 2-mL tubes containing 15 million MSCs per tube \[[@pone.0149472.ref024]\].

Finally, PRGF was prepared following a previously published method \[[@pone.0149472.ref025]\]: 20 mL blood was aseptically collected in four 4.5-mL citrate tubes, and then centrifuged for 8 minutes at 460 × *g*. Before infiltration, the PRGF was activated with 5% of its volume with 10% calcium chloride. Then, PRGF was associated to MSCs, and the resulting 4-mL solution was injected aseptically into both hip joints through conventional hip arthrocentesis sites under sedation with dexmedetomidine (dexdomitor, Zoetis, Madrid, Spain). After the injection, the dogs were sent home and the owners given instructions on the administration of cephalosporin (20 mg/kg/12h, PO) and omeprazole (0.7 mg/kg/24h, PO) as a prophylactic antibiotic and gastric mucosa protector, respectively, for 7 days.

Force platform gait analysis {#sec005}
----------------------------

Gait analysis was performed using a single platform mounted in the center of, and level with, a 7-m runway covered by a rubber mat. The mat weight was accounted for by setting to "0 force" with the tare button after the platform was covered. All dogs were leash guided at walk over the force platform by the same handler. Walk velocity was measured by use of a motion sensor (Pasco, CA, USA) positioned 1 m from the platform.

Five valid trials, at a sampling frequency of 250 Hz, were obtained for each dog. A trial was considered valid when the limb fully contacted the force platform, and with the dog walking next to the handler without pulling on the leash. The trial was discarded if the dog was distracted during the measurement, if the limb struck the edge of the force plate, or if any portion of the contralateral paw hit the force plate. A member of the research team evaluated the trial to confirm which limb touched the center of the force platform.

The platform was interfaced with a dedicated computer using DataStudio software (Pasco, CA, USA), which is specially designed for the acquisition, numerical conversion, and storage of data. A team member recorded data from both affected limbs at day 0, 30, 90, and 180 post-treatment; day 0 data also served to determine which limb was more lame in order to use it as reference of lameness evolution. The obtained peak vertical force (PVF) was expressed in Newtons (N) and normalized relative to body weight (%BW) to characterize possible improvement of lameness during treatment with MSCs.

Collagen and HA serum levels {#sec006}
----------------------------

Blood samples were taken by direct jugular venipuncture from all participants in the early morning immediately before injection (D0), and on days 30, 90, and 180 post-injection. Sera were obtained after blood centrifugation for 15 minutes at 3,000 rpm to measure canine C2C and HA. These two biomarkers were measured by commercial ELISA kits (MyBioSource, San Diego, CA, USA, and Teco Medical, Sissach, Switzerland, respectively). Both assays showed intra and inter assay precision lower than 15% and coefficients of regression higher than 0.98 after linear dilution.

Statistical analysis {#sec007}
--------------------

Parameters were estimated by using the free R statistical software (<https://www.r-project.org/>). Data were assessed for normality with the Shapiro-Wilk test, and the nonparametric Kruskal-Wallis and Mann-Whitney U tests were used to compare non-categorical variables at each follow-up time. A repeated measure ANOVA with a post-hoc Tukey test or related-samples Wilcoxon signed rank test was used to evaluate differences between times, as necessary. For correlation between biomarkers and PVF, Pearson correlation coefficient was used.

Results {#sec008}
=======

The animals had a mean body weight of 52.8 ± 3.4 kg and a mean age of 4.7± 1.2 years.

PVF {#sec009}
---

The mean value for walking velocity of dogs was 1.6 ± 0.5 m/sec. No significant difference in walking velocity existed between dogs (P = 0.063).

Mean values of PVF are summarized in [Table 1](#pone.0149472.t001){ref-type="table"}. Results showed that differences in PVF between D0 and the other periods were all significant (P \< 0.001). D30 and D180 also showed significant differences (P \< 0.001). [Fig 1](#pone.0149472.g001){ref-type="fig"} shows how PVF values increased progressively, with higher improvement within the first 30 days([Fig 1](#pone.0149472.g001){ref-type="fig"}). At D180, PVF values were similar to those previously reported for sound dogs of the same breed (about 48% BW) \[[@pone.0149472.ref020]\].

10.1371/journal.pone.0149472.t001

###### PVF expressed as mean ± SD of %BW.

![](pone.0149472.t001){#pone.0149472.t001g}

  ---------- -------------- ------------- -------------- --------------
             **D0**         **D30**       **D90**        **D180**
  **D0**     43.27 ± 1.04   P ˂ 0.001     P ˂ 0.001      P ˂ 0.001
  **D30**                   48.5 ± 1.85   P = 0.19       P ˂ 0.001
  **D90**                                 49.47 ± 1.62   P = 0.77
  **D180**                                               51.23 ± 2.89
  ---------- -------------- ------------- -------------- --------------

D = day. P \< 0.05 is considered statistically significant. Unit = Newton.

![Scatterplot showing evolution of PVF after treatment at the 180-day follow-up period.\
Each color corresponds to one dog. The graph shows how PVF increases in terms of percent body weight (%BW). The Y axis minimum was set at 40% BW. Unit = Newton.](pone.0149472.g001){#pone.0149472.g001}

Biomarkers {#sec010}
----------

### C2C {#sec011}

Mean values of serum C2C are summarized in [Table 2](#pone.0149472.t002){ref-type="table"}. Results showed that differences between D0 and D180 and between D30 and D180 were significant (P = 0.041 and 0.014, respectively). The graph in [Fig 2](#pone.0149472.g002){ref-type="fig"} shows how serum levels decreased([Fig 2](#pone.0149472.g002){ref-type="fig"}).

10.1371/journal.pone.0149472.t002

###### Serum levels (ng/ml) of C2C expressed as mean ± SD.

![](pone.0149472.t002){#pone.0149472.t002g}

  ---------- --------------- --------------- --------------- ---------------
             **D0**          **D30**         **D90**         **D180**
  **D0**     91.51 ± 45.25   P = 0.724       P = 0.169       P = 0.041
  **D30**                    82.94 ± 40.88   P = 0.353       P = 0.014
  **D90**                                    66.14 ± 28.08   P = 0.158
  **D180**                                                   41.91 ± 25.51
  ---------- --------------- --------------- --------------- ---------------

P \< 0.05 is considered statistically significant.

![Scatterplot showing decrease of C2C serum levels (ng/ml) after treatment at the 180-day follow-up period.\
Each color corresponds to one dog.](pone.0149472.g002){#pone.0149472.g002}

### HA {#sec012}

Mean values of serum HA are summarized in [Table 3](#pone.0149472.t003){ref-type="table"}. Differences between D0 and all other periods were all significant (P \< 0.049). Differences between D90 and D180 were also significant (P = 0.022). The graph in [Fig 3](#pone.0149472.g003){ref-type="fig"} shows how serum levels increased ([Fig 3](#pone.0149472.g003){ref-type="fig"}).

10.1371/journal.pone.0149472.t003

###### Serum levels (ng/ml) of HA expressed as mean ± SD.

![](pone.0149472.t003){#pone.0149472.t003g}

  ---------- -------------- --------------- --------------- ----------------
             **D0**         **D30**         **D90**         **D180**
  **D0**     40.87 ± 32.1   P = 0.030       P = 0.049       P = 0.011
  **D30**                   98.40 ± 63.23   P = 0.066       P = 0.49
  **D90**                                   74.45 ± 45.74   P = 0.022
  **D180**                                                  112.88 ± 55.21
  ---------- -------------- --------------- --------------- ----------------

P \< 0.05 is considered statistically significant.

![Scatterplot showing increase of HA serum levels (ng/ml) after treatment at the 180-day follow-up period.\
Each color corresponds to one dog.](pone.0149472.g003){#pone.0149472.g003}

Correlation {#sec013}
-----------

A significant inverse correlation (Pearson r = -071) was found between C2C and PVF (P = 0.008) ([Fig 4](#pone.0149472.g004){ref-type="fig"}). However, a positive association between HA and PVF (Pearson r = 0.477) could be demonstrated (P = 0.011) ([Fig 5](#pone.0149472.g005){ref-type="fig"}).

![Scatterplot showing correlation between C2C and PVF at the 180-day follow-up period.\
Each symbol represents the values of any individual dog at the same checking period. The solid line represents the trend line. Dotted lines represent the 95% confidence interval. The Y axis minimum was set at 35% BW.](pone.0149472.g004){#pone.0149472.g004}

![Scatterplot showing correlation between HA and PVF at the 180-day follow-up period.\
Each symbol represents the values of any individual dog at the same checking period. The solid line represents the trend line. Dotted lines represent the 95% confidence interval. The Y axis minimum was set at 35% BW.](pone.0149472.g005){#pone.0149472.g005}

Discussion {#sec014}
==========

In this study, the correlation between serum levels of C2C and HA biomarkers and objective evolution of PVF values in dogs with hip OA before and after treatment has been demonstrated.

The overproduction of destructive substances and inflammation mediators in OA give rise to a balance in favor of articular cartilage catabolism \[[@pone.0149472.ref026]\]. The collagen framework becomes disrupted, and the proteoglycans content of the articular cartilage diminishes. Proteoglycan fragments and the breakdown products of type II collagen, are liberated in increased concentrations to reach the synovial fluid and the serum \[[@pone.0149472.ref017],[@pone.0149472.ref027]\]. All of these variations could be monitored by measuring the molecules derived from this synthesis and degradation in serum \[[@pone.0149472.ref003]\].

The diagnosis of OA is generally based on clinical and radiographic changes that occur in the later stages of the disease; this technique shows the bone texture at a given moment. Radiology has been widely used for its ease of availability and accessibility, although there is controversy as to its utility as a diagnostic method for evaluating responses to different treatments \[[@pone.0149472.ref028]\]. For this reason, biomarkers could aid in monitoring disease status, predicting disease progression, and studying the effects of novel therapeutic interventions in a variety of joint diseases \[[@pone.0149472.ref007]\].

There is controversy in the usefulness of C2C as a biomarker in OA; while some authors determined an increase of C2C serum concentrations in human and dog patients suffering from injured joints \[[@pone.0149472.ref004],[@pone.0149472.ref010],[@pone.0149472.ref012],[@pone.0149472.ref029]\], other authors suggested that collagenase-specific degradation of type II collagen in articular cartilage may not be involved, at least in early stages of naturally occurring OA \[[@pone.0149472.ref030]\]. In our study, the results show that after one intraarticular injection of MSC + PRGF, a concurrent decrease in C2C level and OA improvement occurred, as objectively measured by force plate analysis.

Although previous studies have suggested that HA may be used as a biomarker in OA dogs \[[@pone.0149472.ref017],[@pone.0149472.ref018]\], some controversy exists between those reports of elevation in HA in relation to the degree of OA in humans \[[@pone.0149472.ref006],[@pone.0149472.ref013]\] and dogs \[[@pone.0149472.ref014],[@pone.0149472.ref015]\], and those performed in dogs in which the opposite seems to occur: levels of HA in OA animals were lower than those in healthy animals and seemed to increase when animals improved with physical or surgical therapy \[[@pone.0149472.ref016],[@pone.0149472.ref018],[@pone.0149472.ref019]\]. Our results are consistent with these findings in that the treated dogs' HA serum levels were significantly higher compared with D0 at 1, 3, and 6 months follow-up after the MSC + PRGF intraarticular injection. However, although our results showed statistical correlation with PVF values, we observed a high variability. These results could have several possible explanations: the first one could be the diurnal-related changes in this marker that have been previously described \[[@pone.0149472.ref031]\]; to account for such changes, comparisons should be performed only when HA levels are measured in the same hour. Secondly, food quantity and characteristics seem to significantly affect HA levels \[[@pone.0149472.ref032]\]; therefore, comparisons should be made only in patients submitted to the same feeding protocol and the same period of fast. Third, HA levels in OA could behave differently when different species or even different breeds are compared. In addition, some pathologies, especially those with hepatic damage, have been demonstrated to alter serum HA levels \[[@pone.0149472.ref015],[@pone.0149472.ref033]\]; therefore, HA studies should include animals with normal hematological and blood biochemical profiles.

In summary, HA serum levels in dogs could not be modified only by structural or functional changes in joints, although these levels showed a significant elevation when condition improved; further research should clarify the role of HA as an indicator of functional status in dogs to determine if HA behaves in the same manner in dogs as in humans \[[@pone.0149472.ref013]\]. This aim could be achieved by using a larger study group with the same research protocol (breed, food, time of blood samples, etc.).

Based in our results, the C2C and HA biomarkers might be a promising way to objectively measure improvement after OA treatment in canine joints. An association was seen between decreased C2C and increased HA serum levels and improvement in lameness.

Conclusion {#sec015}
==========

Based on the results from the current study, C2C and HA serum concentration are adequate and objective biomarkers for testing the limb functionality of treated OA joints in dogs.
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======================
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